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RELATIONSHIPS BETWEEN ROCKWELL AND BRINELL
NUMBERS *

By S. N. Petrenko

ABSTRACT

Comparative Rockwell and Brinell tests were made on a great variety of ferrous

and nonferrous metals.
Relationships between Brinell and Rockwell numbers, based on certain

simplifying assumptions, are:

_ . ,. ,
constant

Brinell number

=

13o_Rockwell ball number
and

„ . „ ,
constant

Brinell number=;(100—Rockwell cone number) 2

These equations were used as guides in finding empirical formulas which fitted

most closely the values determined experimentally. Of all the experimental
values obtained in this investigation very few differed by more than 10 per cent
from values obtained from these empirical equations.

Empirical equations were also found giving the tensile strengths of steels in

terms of their Rockwell numbers. Experimental values checked these equations
within an error of plus or minus 15 per cent.
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I. INTRODUCTION

Indentation hardness tests are growing in importance as a means of

checking the uniformity of the mechanical properties of metals used
in engineering structures and machines.

If a metal is of uniform composition and the process of its manufac-
ture is reasonably well controlled, uniform indentation numbers are

nearly always a sufficient guarantee of its uniform quality. It is also

found that the tensile strength of steel can be estimated from its

Brinell number with sufficient accuracy for many commercial
purposes.
The indentation test is preferred to a tensile test for control purposes

because it is nondestructive and relatively inexpensive and because

1 This paper supersedes a paper (B. S. Tech. Paper No. 334) with the same title and by the same author,
published in 1927. The present paper includes the data (Tables 2 and 3) of the earlier paper, and, in addi-
tion, the results of many more tests on various heat-treated steels (Table 2 (a)),
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it can be applied to pieces of the regular factory output. Since an
indentation very seldom impairs the usefulness of a tested piece, it

is in many cases not only possible but also practicable to test every
piece produced.

Brinell and Rockwell hardness tests are two of the various indenta-

tion tests which are being widely used for control purposes, and situa-

tions often arise in which a Brinell (or Rockwell) number is needed
when only a Rockwell (or Brinell) number can be obtained. In such
cases a reliable chart or formula expressing a definite relationship

between Rockwell and Brinell numbers is of great practical value.

II. PURPOSE OF INVESTIGATION

The purpose of this investigation was:
1. To make tests on a great number of the metals used in en-

gineering construction and thus obtain data sufficient for determining
the relation between Rockwell and Brinell numbers and also the

relation between Rockwell numbers and tensile strength.

2. To determine the limits of error within which one of these num-
bers may be used to estimate the other number and the tensile

strength of the material.

III. ACKNOWLEDGMENTS

The materials used in this investigation were contributed by the
following manufacturers: Aluminum Co. of America, American
Magnesium Corporation, Raritan Copper Works, Chase Metal Works,
American Brass Co., Riverside Metal Works, International Nickel
Co., Union Drawn Steel Co., Colonial Steel Co., American Rolling
Mills Co., Central Alloy Steel Co., Halcomb Steel Co., Firth Sterling

Steel Co., Carpenter Steel Co., and Wilson-Maeulen Co.
The metallurgical division of this bureau contributed data on

Rockwell and Brinell numbers and tensile strengths for a great
variety of steels.

2 (See Table 5.) These data made it possible to

get a more conclusive check on the errors involved in the use of the
conversion formulas.

Credit is due Dr. L. B. Tuckerman 3 for his many valuable sugges-
tions. Prof. G. F. Rouse made the study of the diamond tool and
edited the manuscript.

IV. APPARATUS AND PROCEDURE

The Brinell machine used in this investigation (see fig. 1) is provided
with a dead-weight relief valve for maintaining the desired load on
the indenting tool. This consists of a spherical piston accurately
fitted, without packing, to a cylinder connected with the pressure
chamber. This piston carries a crossbar, A, and weights, B. The
maximum pressure is determined by the weights which are lifted by

* See Report in Trans, of A. S. M. E., 48, p. 533; 1926; entitled "Rough Turning With Particular Ref-
erence to the Steel Cut," by H. J. French and T. O. Digges. The Rockwell and Brinell numbers for
hard steels were obtained on samples (Table 5, samples I-9D to I-16B) used by Dr. Gillett, chief, metal-
lurgical division, Bureau of Standards, in his work on molybdenum and cerium steels. The composition,
heat treatment, and other data for these steels will be found in the book, Molybdenum, Cerium, and Re-
lated Alloy Steels, by H. W. Gillett and E. L. Mack; 1925.

3 Principal scientist, mechanics and sound division, Bureau of Standards.
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Figure 1.
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Brinell and Rockwell machines



Petrenko] Rockwell-Brinell Relationships 21

the piston as soon as this pressure is reached. The load remains
constant as long as the piston floats.

A standard load of 3,000 kg was used in this investigation on metals
having a Brinell number equal to or greater than 70, and a load of

500 kg was used on metals with a Brinell number less than 70. In
every case the load was applied for 30 seconds. A Hultgren work-
hardened steel ball, 10 mm in diameter, was used as the indenting
tool.

The diameter of each indentation was measured with a Brinell

microscope having 0.1 mm graduations. Readings were estimated
to 0.01 mm.
The Brinell number was obtained directly from a table 4 which

gives Brinell numbers corresponding to diameters of indentation.
The Rockwell machine shown in Figure 1 has a dead-weight loading

device consisting of a double lever, A, having a total multiplication
ratio of about 119. Materials listed in Table 2 were tested in this

machine. A newer model having only one lever was used for testing

the steels listed in Table 3. This machine was checked on the stand-
ard blocks used for the older model and all readings fell within limits

of plus or minus 5 per cent of depth of indentation.

The specimen was placed on the table of the elevating screw, G
(fig. 1), and was pressed against the indenting tool until a so-called

minor load of 10 kg was acting. Next, the pointer on the indicating

dial B was set at zero, after which the load was gradually increased
to a maximum value, designated the major load. The load was then
reduced to 10 kg and the Rockwell number was read from the dial.

The manufacturer recommends the following tools and loads for the

Rockwell machine: A steel ball He inch (1.588 mm) in diameter with
a 100 kg major load, on soft and medium materials; a steel ball % inch
(3.176 mm) in diameter with a 100 kg major load, on very soft

materials; and a diamond tool with a 150 kg major load on hard
materials. This diamond tool, commonly called a cone, has an
included angle of 120° and an apex lapped to a spherical surface. The
tool is patented by the manufacturer, and has the trade name "brale."
Other major loads of 100 kg and 60 kg were used with the brale and
60 kg with the Xe-inch ball in order to obtain more complete data on
the change of Rockwell numbers with change of load or indenting
tool.

The direct reading dial B is provided with so-called "B" and "C"
scales. The Rockwell ball number, designated in this paper by RB , is

read directly from the "B" scale. The cone number, designated in

this paper by Rc , is read directly from the "C " scale. The calibration

of the scales is such that the depth of indentation in mm, in excess of

that produced by the minor load, is (130 —RB)X 0.002 for the ball

and (100-RC)X 0.002 for the cone.
There is no recognized standard for time under load in Rockwell

testing. In this investigation the major load was removed approxi-
mately three-fourths second after it reached its maximum value.

Tests were made on six specimens to determine the change occurring
in a Rockwell number due to a variation of time under load. The
results are shown graphically in Figure 2. The greatest variation in

average Rockwell number over a 10-second period, a decrease of 0.8

* Miscellaneous Publication of the Bureau of Standards, No. 62.
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point, was found in the case of steel block C 24-25. The average
decrease in Rockwell number, 0.3 of a point, is less than the difference

usually found between individual readings on the same specimen.

V. THEORETICAL CONSIDERATIONS

Some symbols used in this discussion are:

Symbol Meaning

Bn
nRjBT,

kRc

Brinell number.
Rockwell ball number, obtained using a major load of n kg and a ball with a diameter of m

inches.
Rockwell cone number, obtained using a major load of k kg and the brale.

Dr. J. A. Brinell, a Swedish engineer,5 denned the indentation
P

number which now bears his name as the ratio -p P being the load on

h
~°"^;

^__^-

5tee/(:62S- 63.S)

''s^

^„.
^^^ --_.

Steel(C24-25)

- Brass (L?«30-A )
-

h-- H

71'me under had -seconds

Figure 2.

—

Effect of time under load upon Rockwell
number

Circles represent average values obtained from five indentations.
Dash lines show extreme variations. Values for zero time were
obtained within one-half second of the instant the major load
reached its maximum value. Identification marks on the stand-
ard blocks are given in parentheses.

the indenting tool in kilograms and A the surface area of the indenta-
tion in square millimeters.
The Rockwell indentation number is defined as a constant minus

the depth of indentation. The constant and the depth are expressed
in arbitrarily selected units.

Investigation has shown that the Brinell number, as defined above,
is not a constant of the test material; that is, that the area of an
indentation is not directly proportional to the load. Many of the

Congres International des Methodes d'Essai des Materiaux de Construction, 2, p. 83; 1901.
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causes for this lack of proportionality can be given in a general way,
P

but an exact theoretical discussion which involves the ratio -7 and

which takes into account all disturbing factors can not be given.

When it is impossible to carry out an exact deduction of a formula
relating to quantities, one may resort to experiment and establish a

purely empirical formula. Unfortunately, unless there is a great mass
of well-distributed data, the purely empirical formula is, at best, often

unsatisfactory. Whenever it is possible to make assumptions which
are approximately true and which simplify the problem so that an
approximate formula can be derived, there is an obvious advantage in

carrying out the derivation because the resulting approximate
formula is a valuable guide in rinding the most satisfactory empirical

formula.

In the present problem the simplifying assumption is Brineirs
original assumption that the area of an indentation is always directly

proportional to the load. Using this, it is possible to derive approxi-

mate formulas for converting Rockwell numbers into Brinell numbers
or vice versa.

Applying the definition of the Brinell number to the Rockwell ball

test:

„ major load P . .

surface area of indentation 2irrH ^ '

where P is the major load, r the radius of the indenting ball, andH the
total depth of indentation. Let the depth of indentation due to the
minor load only be denoted by hq and let h = (H— h ) . Then, assuming
that the area of indentation is directly proportional to the load,

H P u i
P

Fo
=
io

ori7=/^io

H=h P-10
But h = (130- BB ) X 0.002

P
E= (130-RB)X 0.002 Xpzrxo

Substituting kfequation (1)

R P-10 , .^7l
~27rr(130-EB)X 0.002 W

Equation (2) can be written:

where

^=
(130-^) (3)

n- p~ 10 u\° 27rr- (0.002) w
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The value of C corresponding to any particular Rockwell ball test

is easily found. For instance, considering the loo-SWe case, in which

a ball K 6 inch in diameter is used with a major load of 100 kg

90

2tt • (0.794) • 0.002

9,020

= 9,020

Bn=
130—100^81216

Values of C corresponding to the other Rockwell ball tests have

been calculated, and all equations are shown in Table 1.

Assuming that the brale is a true cone and applying the definition

of the Brinell number to it

:

Bn
major load

surface area of indentation tv tan 8 sec OH2

where P is major load, H the total depth of indentation, and 6 one-half

the angle of the cone.

Table 1.

—

Approximate relationships between Brinell and Rockwell numbers based

on the assumption that area of indentation is directly proportional to load

Rockwell
Theoretical relationship

Tool Load

Ball, 1/16 inch (1.588 mm) diameter

Ball, 1/8 inch (3.176 mm) diameter

Ball, 1/16 inch (1.588 mm) diameter

Brale, diamond, true cone having a 120°

angle.

Do

kg
100

100

60

150

100

60

1 150

Bn
9

'020

130— iooRbi/16

Bn 4 ' 510

130— ioo-Rsi/8

Bn- 5,01°

130— 60-Rfli/u

1,896,000

(100-i5oi?) Jc

1,074,000

Do

"n
(100-ioo-Rc) 3

483,000

(lOO-eo-Rc) 3

Case I • • • For mRc greater than (100-466.7 S).

1,492.9
Bn~S (100-mRc)

Case II • • • For noRc greater than (100-2,953 S) and
less than (100-466.7 5).

150

Brale, diamond, the apex being a spher-
ical segment of altitude S, angle of

conical portion 120°. (See fig. 3.)

•B""46.89SH-10.882 (Z,'+4.308SL)

L is obtained in terms of iso-Rc and S from:

LH-(4.308S)L+4.308S (S-15fto)=0

and

(100-iso.Rc) X0.002 = L+S-ho.

Case III • • • For 150-Rc less than (100-2,953 S).

150
"Bn=

46.89 S2+10.882(L J+4.308SL)

L is obtained in terms of uoRc and S from
£>+(4.308S)Z,-[60.325SH-15(dH-4.308Sd)]=0

and

(100-i5oi?c)X0.002 = X-d.

IOO-Rfll/19

ioo-Rbi/i«

ioo-Rc=1

=2Xiooi?Bi/8-130

= 1.800X«o.Rbi/i8-104

491 Xco-Rc- 49.1
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For a 120° cone,

P P
Bn==

ir> tan 60°. sec 60° -H1= 10.882#2 (5)

If we assume that, in this case also, the area of indentation is

proportional to the load,

Major area=#2

^ (h + h )
2

= P
Minor area h 2

Q h2 10

h±
h
K IP

k =

and
v5-'
h 2 P
P |

2X
10

16u
Using this value of H2 in equation (5)

P
Bn

h 2 P
10.882Xr-7= r2^~

Now

10.882/i
2

^(VP-ViO)
2

10.882/t2

/i=(100-#c)X 0.002

Bn = (Vp-Viov
10.882 (100-Rc )

2
• (0.002) 2

This equation can be written:

where

° l
10.882 X(0.002) 2

(6)

Bn=
{100°-Rc)*

<*>

(8)
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Considering the i50Rc case, in which the major load is 150 kg,

(Vi5o-Vio) 2

a=

and

Bn=

10.882 X(0.002) 2

= 1,896,000

1,896,000

(100- 150RcY

A list of equations for all of the cone tests is given in Table 1.

The diamond indenting tool furnished with the Rockwell machine
by the manufacturer is not a true cone, as assumed in the discus-

sion just given, because it has a rounded apex approximating in form
a spherical segment. A theoretical discussion for this form of tool

when used with a 150 kg major load will now be given. (Refer to

fig. 3.)

Assume that the rounded portion of the brale is a segment of a
sphere of radius r. Let h represent the depth of indentation pro-

Abtat/bn: r, radius of"spherical'end,d/stance OA
s, d/stance SC; s=o./34r

£, distance 3D; f' o.2807r = Z./S4-S

Figure 3.

—

Form of Rockwell brale

duced by the minor load of 10 kg and Ax that due to the major load
of 150 kg.

Three cases must be considered

:

1. The major indentation is spherical; hi is less than S.

2. The minor indentation is spherical, while the major indentation
is partly spherical and partly conical in form; h is less than S, while hi

is greater than S.

3. The minor, as well as the major indentation, is partly spherical
and partly conical in form. Both h and hi are greater than S.

It is assumed that the surface area of an indentation is directly
proportional to the load producing it.

The area of a spherical segment having sagitta S and radius r is

27rr&.

For a 120° cone the lateral area of a zone having a section ABEFGA
is 10.882 (D + 21L), L being the vertical height of the zone.

Case I.—Since both the minor and major indentations are spheri-

C
cal an equation of the form Bn= T?r^ d~ expresses the relation

1UU — 150-ftc

between Bn and U0RC . (See equation (3), p. 23.)
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_ A, . ,. , „ 140X0.134 1492.9 , .; , '. .

For this particular case C = ?r~ottttt^f* =—o— » and the relation is
Jtto X U.UUz o

R _ 1492.9 , .

^~^(100-
l50J?c)

W
This equation holds for values of mRc greater than (100 — 466.75').

This value of i 50Rc is obtained by combining the equations

:

depth of minor indentation _ho_ JJ^
depth of major indentation"" S 150

and
(100-i505c)X 0.002 = S-ho,

Case II.—By definition

^=
27rr#-i-10.882(Z2 + 2LL)

(10)

where L = hi— S.

Substituting values for r and I in terms of S, equation (10) becomes

R 150 . .

i57l_
46.8952+ 10.882 (Z2+ 4.3085Z)

Ui;

In order to find a value for the variable L in terms of i50Rc two other
equations must be written. These are

:

Major area^ 2<icrS+ 10.882 (L2 + 2lL) ^ 150

Minor area 2irrh ~ 10

which reduces to

:

L2+ (4.3085)Z+ 4.3085(5- 15A ) = (12)

and
(100- 150#c)X 0.002 =L+S-h (13)

By eliminating h from equations (12) and (13) a value of L is

obtained which can in turn be substituted in equation (11) to get an
expression containing Bn, uoRc, and S. This expression would be
complicated, and it seems simpler to use equations (11), (12), and
(13) as they stand.

These equations hold for values of h greater than 0.0666 S and
less than S. The first limit is determined by the fact that the depth
of the major indentation just equals S when the depth of the minor

indentation, or h =y=- The second limit is fixed by the definition of

I
this case.

Case III.—
150

2ttS -f 1U.S5Z yjLT -f Zilu)

l.^n

(14)
46.8952+ 10.882 (Z2 + 4.3085L)
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The equations needed to solve for L are

:

Major area 27rr£+ 10.882 (Z2 + 2ZZ) _ 150 , ,_, _ Q
Minor area

-
2«rS+ 10.SS2(d2 + 2ld)

" 10
(Wiiere d * * }

which reduce to

:

L2 + (4.308&)Z- {60.325£2 + 15(^ + 4.308^)} =0 (15)

and
(100- isoiWx 0.002 =L-d (16)

Equations (14), (15), and (16) can be solved simultaneously to

obtain an expression in Bn, \ bJRc, and S. In this case it also seems
much simpler to use the equations as they are given.

These equations hold for all positive values of d.

Values for i 50Bc and Bn in terms of S given in columns 4 and 5 of

Table 6 were calculated by means of equations (9) to (16).

By equating values of Bn given in Table 1, relationships between
the Rockwell numbers are obtained. For instance, using the first

two values for Bn:

9,020 = 4,510

(130 — ioqRbi/u) (130 — ioqRbi/s,)

or

100^51/16
= 2 X lOO^Bl/8

- 130

The more important equations obtainable in this way are given in

Table 1.

Attention is again called to the fact that the formulas discussed
above and listed in Table 1 are only approximately true. As will be
shown later, empirical formulas, like these in general form, fit exper-
imental data quite satisfactorily.

VI. EXPERIMENTAL DATA

The specimens used in this investigation are listed and described
in Tables 2 and 3. Experimental Rockwell and Brinell numbers for

specimens listed in Table 2 are found in Table 4. The Brinell and
Rockwell numbers for the heat-treated steels are found in the right-

hand columns of Table 3.
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Table 4.

—

Rockwell and Brinell indentation numbers for materials described in

Table 2

I. FERROUS MATERIALS

Sample No. Bn loo-Rai/ie l ioo-Rbi/8 ' 60i?Bl/16 wRc 3 loo-Rc eo-Rc

53 ._ 98
125
129
156

178

192
204
204
212
216

224
225
225
226
230

232
239
248
256
268

339
367

55.2
68.2
74.0
79.0
85.3

91.0
92.6
94.9
93.8
94.0

96.4
98.4
98.0
96. 8
96.8

97.2
98.0
97.6
102.3
104.6

108.0
111.6

91.8
99.1
102.5

90.1
96.8
99.0

-24.0
-6.7
-5.0

8.0
20.0
23.5

42.8

54 -. 47.7

1

A
28... 106.2 105.0 7.5 33.3 55.0

c
g 112.0

112.8
112.5

109.5
111.4
110.2

16.5
18.4
18.6

39.0
40.7
40.2

2
7

H
6 113.1

113.2
114.0
112.8
112.1

114.2
112.6
113.5
116.2
117.1

118.8
121.4

111.7
112.0
112.3
111.1
111.7

112.2
111.9
112.5
114.6
116.2

117.4
120.2

20.0
19.7
21.6
22.2
19.1

22.0
21.2
22.5
27.7
28.4

36.8
41.9

40.1
42.4
42.2
42.0
41.2

42.5
42.0
42.1
46.0
48.1

52.1
56.8

55 62.2

SS
8
69 62.1

BC .

66. 64.6

68.. 65.8

68.5
27. . 71.9

II. NONFERROUS MATERIALS

11.-- 28.0
42.0
43.4

43.5
50.3

• 61.4
56.8
61.3

67.7
72
75
95

103
111

123

126

132
147

174
218

(
4
)

-39.0
-40.0

(«)

-15.0
9.5
4.1
20.0

25.0
36.5
33.9
51.1

58.4
65.2
69.9
72.8

74.3
78.5
88.8
98.3

-3.0
35.6
42.0

46.0
59.6
66.1
70.1
75.0

81.0
76.7
86.5
86.8

90.7
93.9
98.1
102.1

99.0
101.9
110.7
114.3

-25.0
35.0
39.0

34.0
53.5
64.9
62.7
70.4

77.0
76.0
79.2
85.0

90.2
93.1
97.2
99.0

98.6
100.5
108.1
112.4

l

i

(
4
)

w
(<)

6-35.

0)
-35.0
-29.0

-21.0
-15.0
-8.8
-3.0

-6.1
1.0

13.1
21.8

(
4
)

0)
W
0)
(
4
)

(*)

(
4
)

-12.0

-6.5

6.0

12.3
14.9
19.3

22.8

21.8
27.1
36.3
42.0

-18.0
37 1.6

14 (
4
)

13 5.0
15 15.0
24 23.4
16 22.1
17 25.5

10 fi 35.0
35 30.0
38 36.0
20 38.0

22 41.6
36... 43.6
12.-. 48.1
25 49.5

34 48.2
33 52.5
23 57.6
21 62.4

i Standard Rockwell B number.
' Standard Rockwell E number.
' Standard Rockwell C number.

* Too soft.
s For 3,000 kg load Bn=65.
6 About.

Table 5 contains data obtained in the metallurgical division of this

bureau.
All tensile-strength data were obtained on A. S. T. M. standard

specimens (0.500 inch diameter, 2-inch gage Jength).
All steel specimens were machined before an indentation was made.

Certain tests made on nonferrous materials showed that results

obtained on the rolled surfaces differed a negligible amount from
those obtained on machined surfaces. Therefore in many of the
tests on nonferrous materials indentations were made on the rolled

surfaces of the specimens as received from the manufacturer.
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The Rockwell indentations on each specimen were located between
and near the Brinell indentations. Each experimental indentation

number listed in the tables is the average obtained from at least four

indentations.

The following study was made on each of five Rockwell brales.

By means of a contour measuring projector giving a magnification of

234, a shadow of the brale was formed on a screen, the shadow being

a projection of a cross section of the tool through its axis. The out-

line of the shadow was carefully traced. A second and a third trac-

ing were obtained after the brale had been rotated 60° and 120°,

respectively, about its axis.

Table 5.

—

Data on steels furnished by metallurgical division, Bureau of Standards

Sample No.
Brinell
No. ioo-Rbi/ib wRc

Experi-
mental
tensile

strength

16-3 125
128
131
134
156

157
161
165
167
168

169
169
170
170
170

170
173
173
174
174

175
180
181
181
184

187
189
191
192
193

194
195
197
197
197

198
199
204
207
209

209
215
223
226
229

229
229
229
229
229

71.4
70.1
77.7
75.7
83.1

83.4
86.0
85.5
85.8
83.9

86.9
87.4
84.5
86.5.

87.2

87.5
85.0
86.7
87.0
86.6

89.7
89.7
89.6
89.3
88.9

89.2
90.3
90.0
91.7
91.3

91.8
92.4
95.3
93.5
91.3

94.6
91.4
92.6
92.9
95.5

94.5
98.7
97.1
100.0
98.4

97.5
96.8
99.5
95.0
95.0

Lbs./in*
68, 500

16-4 .. 69,200
29-2 70,000
29-1 -. 69,500
8-R 82,500

84,5002-F -.

2-CA 84,500
2-C 85,000
15-7. 91,000
17-1 ... 87,300

2-Q 86,500
34-1 77,500
7-2 ... 87,300
8-FA 83, 000
8-RA 86, 000

15-1 92,500
15-8 91,000
8-F 84, 500
3-FA 92,000
34-2 77,500

6-FA 91,000
6-F 91,500
1-FA 93,000
1-F 92,500

92,5009-RA

3-F 92,000
9-FA 93,000
9-F 93,500
1-RA 96,000
3-RA _ 92,000

3-R 98, 000
1-R 97, 000

103, 0005-A 12.6
35-1-. 92,000
36-2 99, 500

35-2 93,500
36-1 99, 000
6-FA 102, 000
5-F 103, 500
6-RA 101, 500

6-R 101, 500
6'.. 16.8 102, 500
9-R 100,000
25-A-l 20.2

21.3
113,500

7-FA 114, 500

6-RA 116, 000
5-R 115,000
25-A-2 21.1 115, 500
19-1 107, 600
19-2 107, 000
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Table 5.

—

Data on steels furnished by metallurgical division, Bureau of Standards—

Sample No.
Brinell
No. l00i?Bl/l« iwRc

14-RA.
14-F...
13-O-A
11-F...
13-0...

13-CA.
13-0...
32-1....
12-FA.
12-C...

12-CA.
12-F...
32-2....
33-1....
33-2....

11-R...
10-A-2.
11-RA.
10-F...
10-FA.

7-RA..
7-R....
11-FA.
10-R...
ll-A-4.

10-RA.
12-RA.
28-4....

12-R...
26-1-A.

14-A-2.
11-A-l.
14-A-l.
15-A-2.
12-A-2.

12-A-l.
15-A-l.
30-A-8.
10-A-l.
20-2-...

20-1....
20-4....

25-2....
20-3...
25-1....

27-A-6.
27-A-3.
I-9D..
I-32D.
I-28B..

I-8B..
I-32C.
I-9C.
I-28A.
I-30D.

I-10D.
I-16B.

247 99.0 23.8
248 100.3 24.9
250 101.6 25.9
252 101.1 25.3
254 101.5 25.9

255 100.4 26.0
255 101.1 25.8
255 101.3 23.3
256 101.4 26.5
257 103.9 25.5

257 102.9 25.7
260 101.5 27.0
262 101.2 23.3
262 101.9 24.8
262 102.4 26.2

265 103.0 26.8
265 100.4 27.2
267 103.1 27.6
267 102.3 26.6
269 102.8 27.6

270 103.0 28.8
273 103.0 29.4
273 102.8 27.7
285 104.7 30.0
288 101.9 27.7

293 105.2 32.2
297 105.9 31.0
300 107.1 31.1
300 105.9 32.8
302 106.4 33.5

304 106.1 34.5
305 104.3 29.3
306 105.9 34.4
311 104.6 32.0
317 105.9 33.6

321 106.3 33.5
321 105.2 32.5
330 110.1 32.9
334 110.8 34.4
341 113.4 33.2

363 112.8 36.4
363 113.9 35.0
363 112.7 36.4
375 114.4 36.2
388 115.0 41.2

388 114.5 39.8
395 115.0 40.5
407 41.9
408 42.4
434 43.6

450 45.9
512 50.5
518 60.0
525 51.0
527 51.1

53ft 52.2
542 51.7
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Table 6.

—

Table of values for diamond brale

37

fto

ftoM vanes

n
from
Oto

0.0666S

' 0. 07 S
.10S
.15S
.20S

H .30 5
«D .40S
s .50S

.60S

.70S

.80S

.90S
I 1. 00 s

H f 1. 10 S
~J 1.20S
|i 1.30S
Q I 1. 40 S

0.10S
.20S
.30S
.60S

0. 049 S
.453S
1.012S
1. 487 S

2.286S
2.963S
3. 559 S
4. 100 S

4. 596 S
5. 059 S
5. 494 S
5.905S

6.306S
6. 705 S
7. 103 S
8.293S

Rockwell C
number load

150 kg

Rockwell C
number

varies from
(100-466.7 S)

to 100

100- 489. 5 S
100- 676. OS
100- 931. OS
100-1, 143 S

100-1, 493 S
100-1, 781 S
100-2, 030 S
100-2, 250 S

100-2, 448 S
100-2, 630 S
100-2, 797 S
100-2, 953 S

100-3, 103 S
100-3, 253 S
100-3, 402 S
100-3, 846 S

Brinell
number

Brinell
number
varies
from
3.199

S3
to oo

3. 048/S*
2. 133/S2
1. 422/S2
1. 066/Sa

.711/S2
. 533/S2

. 427/S2

. 355/S2

. 305/S*

. 267/S2

. 237/S*

. 213/S2

. 193/S2

. 176/S2

. 161/S2

. 127/S3

For S= 0.0224 mm

Bn

33, 324

16, 662
11, 108
8,331
6,665
6,378

6,075
4,251
2,834
2,125

1,417
1,062

851
708

532
472
425

385
351
321
253

noRc

100
98
96

89.0
84.9
79.1
74.4

60.1
54.5
49.6

45.2
41.1
37.4
33.9

30.5
27.2
23.8
13.8

1

0.0055
.0077
.0095
.0110
.0123
.0125

.0128

.0153

.0188

.0217

.0307

.0343

.0376

.0406

.0434

.0460

.0485

.0510

.0534

.0558

.0629

For S=0.0291 mm

Bn

25, 651
12, 826
8,550
6,413
5,130
3,778

3,599
2,519
1,679
1,259

840
629
504
419

315
280
251

228
208
190
150

180-Rc

100

85.8
80.3
72.9
66.7

56.6
48.2
40.9
34.5

28.8
23.5
18.6
14.1

9.7
5.3
1.0

-12.0

1

y/Bn

0.0062
.0088
.0108
.0125
.0140
.0163

.0167

.0199

.0244

.0282

.0345

.0399

.0445

.0527

.0563

.0597

.0631

.0725

.0817

1 492 9
For Case I corresponding values of Bn and mRc are calculated by use of the formula -Bn3E

<gnoo— R )

*

A circle was then drawn for each tracing, fitting as closely as pos-
sible the curved portion. The lines bounding the conical portion
were extended to determine the point D. (See fig. 3.) Values of

OD and r could then be determined. These data are found in

Table 7.

The extent to which the experimental Brinell and Rockwell num-
bers obtained in this investigation may have been influenced by
Peculiar characteristics of the particular machines used is not known,
i No attempt was made to find and interpret any systematic differ-

mces in the experimental values for steels which might result from
lifferent treatments. A. Heller 6 has shown that depth of hardening
s a very important factor to be considered in deriving conversion
ormulas for steels.

6 American Machinist, Apr. 4, 1929.
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Table 7.

—

Data on Rockwell diamond brales

[Vol.5

Manufacturer's No.

26-1886.

26-1832.

26-15.

29-1893.

26-224.

Position l
Angle of

cone

120
120 6
120 18

119 55
119 51

120 3

120 1

120 1

120 18

119 41

119 32
119 53

120 25
120 4
119 48

mm
0.200
.180
.192

.182.

.167

.202

.191

.201

.212

.200

.197

.205

.198

.197

CD

mm
0. 0336
.0293
.0315

.0271

.0271

.0326

.0315

.0315

.0326

.0336

.0326

.0315

.0315

.0315

S calculat-
ed from r

mm
0. 0268
.0241
.0257

.0244

.0224

.0267

.0271

.0256

,0284
,0268
,0264

,0275
,0265
,0264

S calculat-
ed from CD

mm
0. 0291
.0254
.0273

.0235

.0235

.0282

.0273

.0273

.0291

.0282

.0273

.0273

.0273

i The brale was turned into position 2 from position 1 by rotating it

60° rotation brought it into position 3.

* The meaning of the notation used in this table is given in fig. 3.

about its axis. An additional

VII. CORRELATION OF APPROXIMATE THEORY AND
EXPERIMENT

When one plots the first three equations of Table 1 using values of

RB and -^- as coordinates, straight lines are obtained. Likewise,

1
the second three equations give straight lines if values of Rc and

y/JDll

are used as coordinates. Graphs of the first, second, and fourth of

these equations are shown by dash lines in Figures 4 and 5.

The curve forming the upper boundary of the shaded area in Figure
5 was plotted from data found in columns 7 and 8, Table 6, and the

curve forming the lower boundary was plotted from values found in

columns 10 and 11.

The upper curve gives the theoretical relationship between Bn and

uoRc for a brale in which S= 0.0224 mm, and the lower curve does the

same for a brale in which S= 0.0291 mm. These particular values of

S were chosen merely because they were the minimum and maximum
values found in the study of the five tools and may represent an
extreme variation in S. Average values would show less variation.

Certain facts are made evident by an inspection of the theoretical

straight line curve (for a true cone) and the theoretical curves bound-
ing the shaded areas.

The effect of the spherical portion of the brale upon the theoretical

relationship between Bn and i 50Rc is quite small for 15QRc=lO }
but

gradually increases and becomes quite large at i 50Rc = 70.

If two brales are used having different values of S, the effect of

this difference in S is quite small for i50Rc = 10, but becomes consider-

ably larger at i 50Rc = 70.

Thus the theoretical value of Bn corresponding to mRc = 70 is

1,678 for £=0.0224 mm and only 1,460 for £=0.0291 mm.
Experimental values taken from Tables 3 and 4 are plotted in

Figures 4 and 5. Considering Figure 4, we see that the points do
not fall along the theoretical straight lines, but that their mean
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positions are determined fairly well by the two full lines. Since
C

these are straight lines, equations of the form Bn = -pr-^—^-r can be
(loU Kb)

used as conversion formulas. The numerical values to be substituted
for C are the reciprocal slopes of the experimental curves. Thus, the

•30 -20 -JO JO 20 30 40 SO 60

Roctcwellnumber
joo i/o im no

Figure 4.

—

Relation of Brinell numbers to Rockwell ball numbers

146
iiprocal slope of the iooRbihq line is

Bn=

wv = 7,300, and the equation is:

7,300

(130— loo^BiZie)

Equations (a), (b), and (c) of Table 8 were obtained in this way.
The experimental points plotted in Figure 5 determine a curve

Fhich is displaced from the theoretical curves. As would be expected,
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its general form is like that of the theoretical curves for a brale with
a spherical apex.

This curve was used to determine the empirical equations:

„ 1,520,000- 4,500 l50Rcun~ (ioo- 150iW 2

and

n 25,00 -10 (57 - mRc)
2

(d) and («) ofm 100- 150#<7 Table 8

which hold in the ranges i 50Rc greater than 10, less than 40 and ir,oRc
greater than 40, less than 70, respectively.

Table 8.

—

Empirical relationships between Rockwell and Brinell indentation
numbers

7 300 (For ioo-Bj5i/ie greater than 40 and less than 100.

(a) Bn= '—^ {Error to be expected not greater than plus or minus 10
16U— ioo«fii/ie[ percent.

3 710 l^
or 100^ B1 /8 grater than 30 and less than 100.

(6) Bn= . or.

'—n— {Error to be expected not greater than plus or minus 10
lcJU— ioo/tsi/8[ percent.

(c) gn= 1ort
' p fThis load is not recommended by manufacturer.

, . „ 1,520,000 -4,500 mRcllOT 150?c g
reater *?*? 10

+
and le

+
SS^ 4

°i(d) Bn=- tVt^ p N ,
{Error to be expected not greater than plus or{WU-mKcy
| m inus 10 per cent.

25000—10 (57— 2?0 2 (^or 150^ c greater than 40 and less than 70.

(e) Bn=—'-

inr>
— 16° c)

{Error to be expected not greater than plus or
luu- 160tfc

( minus 10 per cent>

(/) Bn= ,. nr.
'—p-Y2 fThis load is not recommended by manufacturer.

(g) ^w= mqq_!, p \8jThis load is not recommended by manufacturer.

100#B1/16= 1.97X 100^iBl/8
— 126

100#£1/16= 1.81 XoO^Bl/16- 105

ioo^c= 1.518Xeo^c— 51.8

The general form of the first of these equations was suggested by
the fact that for values of mRc less than 40 the experimental curve
is very nearly parallel to the theoretical straight line. For values
of mRc greater than 40 the spherical portion of the brale has a very
noticeable effect. This was an indication that the general form of

the second equation should be like that for a ball indenter.

Equations (/) and (g) of Table 8 were obtained by following the

procedure used in getting equations (a), (6), and (c). In place of

each of these equations we should very likely have two equations
similar in form to (d) and (e). There was not sufficient data available

for checking this point.

The last three equations of Table 8 were obtained by equating
values of Bn taken from this same table. These equations differ very
little from the corresponding theoretical equations of Table 1. A
graphical comparison of two cases is made in Figure 6,
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A comparisoD of Tables l and 8 shows bhat in every case:

(/>'//) theorX(130-JBa) bheor>(5n) exptx(130-ik) expt and
(/in) bheorX(100 -Rc)

s theor>(Bn) exptX (100 -Be)* e*pt. The
explanation for this is in part as follows:

1. The flattening of the BrineU baU duo fco compression probably

results in an area of indentation Larger than one would obtain with a

rigid ball. Consequently (/>/>) bheor>(2?n) expt.

2. Elastic recovery of the materia] and deformation of the indenting

fcool due bo compression bend to make the Rockwell indentation shal-

lower Mum it would bo if (ho material were perfectly plastic and tho

boo] rigid. As a result:

( EB) bheor<(£B) expt and (Bo) theor< (2?c) expt

or

(130 /^)thoor {\ M) - h\
f ) cx\)t tuu\(W0-

R

c ) t\^ory (100-Rc) expt.

VIII. ACCURACY OF EMPIRICAL CONVERSION FORMULAS

The range of values of BrineU and Rockwell numbers (standard

loads and standard tools) Tor which each of bhe experimental conver-

ge JO 40 50 60 70 SO 90 100 110 UO
i.'\ >./»/// 3 number- Da//% incf) a/in.; J<xtd /oo kg.

Figure 7. Experimental relationship between BrineU numbers and Rock'
Well ball numbers, ball duuneter ,' (ft ineh

The ranges ladio»ted are those over whlob theemplrloal conversion curve may be Applied with
the expectation of do error greater iimn LO per cent.

sion formulas am be used and fche maximum error to bo expected can

be obtained by an inspection of Figures 7, 8, and 9.

In these figures broken-line curves have been drawn above and
below bhe curves plotted from bhe empirical equations mu\ marked
plus io per cent ami minus 10 per cent. Values o( BrineU number
used in plotting those curves were obtained by adding bo and sub-

tracting from BrineU numbers read from bhe empirical curves io per

oent of their value.

As indicated in Figure 7, bhe formula

Bn
,300

U30 looRaint)
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can be used for fche range of Rockwell B Dumber (ball )£« uioh di-

ameter; Load l()() kg) from 10 to 100 or of Brinell uumber from 80
fco 240. All of the experimental points in this range fall within the
10 per cent Limits. The upper end <>• the range is sol. at mRm i\*

loo.

even though there seems to bo good agreement botwoen theory and
experiment for larger values of mRm/u- This is done because the

to

UioJ

i

t
i

1

Ji
7
/ //
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/4l

6 "'
Ij
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A7- J7/
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—

Experimental relationship between Brinell numbers and liockwell

ball numbers, ball diameter Ya inch

The ranges Indicated are those over which the emplrloa] con version curve may i>o applied wii.ii

the expectation of do error greater than LO per oent,

relative efTect of an error in U){)Rm/u\—that is, the ratio of the error

to (130— looRmnn)— is very large when loolimm *s greater than L00.

As shown in Figure 8 the formula

ftt- «,w. ' '

3,710

10()'»7M/H

lmlds about equally well throughout the range of Rockwell B number
(ball % inch diameter; load LOO kg) from 80 to 1 00 or of Brinell
numbv >m 40 to L25. The check on the accuracy of this formula
is not conclusive because of insufficient data.
As shown in Figure 9, the formula.

_ 1 ,520,00 - 4,50 X mRrJM ~
(lOO-wo^c)8

holds for tho range of Rockwell C number (load 150 kg) from 10 to
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40 or of Brinell number from 180 to 370. Ninety-five per cent of

the experimental points fall within the 10 per cent limits.

Likewise, the formula

25,000-10 (57- 150i2c)
2

Bn=
100-iavfl.IbQ^C

holds for the range of Rockwell C number (load 150 kg) from 40 to

70 or of Brinell number from 370 to 770. All experimental points

in this range fall within the 10 per cent limits.

30 40 50

/foc/ftvt// Cnumber-kx*a//50 kg.

Figure 9.

—

Experimental relationship between Brinell numbers and Rock-
well cone numbers

The ranges indicated are those over which the empirical conversion curve may be applied with
the expectation of no error greater than 10 per cent.

IX. RELATIONSHIP OF ROCKWELL NUMBERS TO TENSILE
STRENGTH

Earlier investigators 7 have established the fact that a rough pro-
portionality exists between the tensile strength of steel and its Brinell
number.
The equations sometimes used in calculating the tensile strength

of steel 8 are:

Tensile strength (lbs. /in.
2
) = 515 Bn for Brinell numbers less than 175.

Tensile strength (lbs./in.
2
) = 490 Bn for Brinell numbers greater than 175.

' Die Brinellsche Kugeldruckprobe, P. W. Dohmer, Berlin; 1925.
8 See Die Brinellsche Kugeldruckprobe, P. W. Dohmer, Berlin, p. 48; 1925.
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Since an empirical relationship between Bn and ioo#si/i6 has been
found (see Table 8) the above equations can be transformed to read:

*

o yah nnn
Tensile strength (lbs. /in.

2
)
= T5^ ^ for loo&Bi/ia less than 88.

130 loo-^Bi/ie

Tensile strength (lbs./in.
2
) = -r— ~ for mRBl/l6 greater than 88.

lt3U 100^B1/16

The dash hnes in Figure 10 are the graphs of these equations.

86 88 90 92 94 96 98 100 102 104 106 108 IH>

focMwe//6 number- /ba//£ inch ctia., toadtoo hq.

Figure 10.

—

Experimental relationship between the tensile strength

of steel and Rockwell ball number, ball diameter Ke inch

The ranges indicated are those over which the empirical conversion curve may be
applied with the expectation of no error greater than 15 per cent.

The full line curve in Figure 10 is the graph of the empirical
equation

:

4,750,000- 12,000 X 100i?B1/16Tensile strength (lbs./in.
2
)
=

130 100-^51/16

the general form of which was suggested by the last two equations
given above. None of the experimental tensile strengths differ from
corresponding values obtained from this curve by more than 15 per
cent. It is suggested that this equation be used over the range of
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Rockwell B number (ball Ke inch diameter; load 100 kg) from 82 to

100 or of tensile strength from 80,000 to 120,000 lbs./in. 2
.

If values of Bn in terms of i50Rc (see equations (d) and (e), Table 8)

be multiplied by 490 the following expressions are obtained:

Tensile strength (lbs./in. 2
) = ^ffi,? ~

22
p
X

.

1

2

5°i?c)
for 150RC less than 40.

mju— 150-ttc)

Tensile strength (lbs./in.
2
)
=

greater than 40.

These equations are plotted in Figure 11

490 (25,000 - 1 (57 - i5o^c)
2
)

100 -i50#C7
for 150i?c

I60QOO

140000

» 120000

t tensile strength' 49oBn •

•"5
(74SO-Z2,soRc)

(lOO-isofc)^^'^ c

+»"&&&*

range of ffockwe/t C nvmher-

10 20 JO 40 SO 60

fibcktvet/ C number - had 150 kg.

Figure 11.

—

Experimental relationship between the tensile strength of steel

and Rockwell cone number
The ranges indicated are those over which the empirical conversion curve may be applied with

the expectation of no error greater than 15 per cent.

The full line curve in this Figure 11, which seems to satisfy the
experimental data better than the dash line curves, especially in the
range above i 5oJ?c

= 40, is a graph of the empirical equation:

Tensile strength (lbs./in.2
)
= 105(7,000-10X 15(>£C)

(100- 15oifc)
2

None of the experimental values differ by more than 15 per cent from
corresponding values read from the full line conversion curve. This
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accuracy is about the same as that holding in a conversion from
Brinell number to tensile strength.9

It is suggested that this curve be used only over the range of Rock-
well C number (load 150 kg) from 10 to 40 or of tensile strength from
90,000 to 190,000 lbs. /in.

2
. The experimental check on the curve in

the range above i50Rc — 40 is not sufficient to warrant using it as a
conversion curve. With the exception of the two aluminum alloys

(Nos. 11 and 12), which fall in line with the ferrous alloys, the non-
ferrous alloys snowed no definite relationships between tensile

strengths and Rockwell numbers. This was to be expected in view
of the failure of previous investigators to find definite relationships

for nonferrous metals (with the exception of aluminum alloys) be-

tween tensile strengths and Brinell numbers. The recent work of

Schwarz 10 indicates that no general relationship between tensile

strength and a single indentation number is possible, the approximate
proportionality existing for steel and duralumin being the result of

their relatively high elastic ratio.

X. RESULTS OF EARLIER INVESTIGATORS

The desirability of having some means for comparison of the Rock-
well and the Brinell numbers was recognized with the increased use
of the Rockwell machine. During the last few years several investi-

gations have been made for the purpose of obtaining the experimental
relationships between the Rockwell and the Brinell numbers. The
summary of these investigations and the principal results obtained
are found below :^

1. S. C. Spalding, Transactions of the American Society for Steel

Treating, October, 1924.

The experiments were made on steels having a tungsten content
of about 17 per cent and drawn at different temperatures. The
results showed that within the range Bn greater than 300 and less

than 650 the Brinell number is linearly related to the Rockwell cone
number. No conversion formula was recommended, but the rela-

tionship between the Rockwell cone number and the Brinell number
may be roughly expressed by the equation

Bn= 12.

5

mRc- 137

2. I. H. Cowdrey, Transactions of the American Society for Steel
Treating, February, 1925.

Many ferrous and nonferrous materials were tested, including over-
strained, cold-worked, and heat-treated material. The following
equations were derived:

T>„_. 100-^51/16 + 273
6.49- 0.048 X 1QQRB1/U

and

Bn=
88.3 |

8 See Relation Between Maximum Strength, Brinell Hardness, and Scleroscope Hardness in Treated
and Untreated Alloy and Plain Steels, by R. A. Abbot, Proc. Am. Soc. Test. Mat., 15; 1915.

i° Otto Schwarz, Zugfestigkeit und Harte bei Metallen, Forsehungsarbeiten auf dem gebiete des Inge-
nieurwesens, Heft 313; 1929.

115233°—30 4
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3. R. C. Brumfield, Transactions of the American Society for Steel

Treating, June, 1926.

These tests also included nonferrous materials and steels treated in

various ways. The following equations were derived:

Bn = 6,600

127 M
and

100**B1/16

R 1,880,000
^-(112-

150BC)
2

The results obtained in these investigations are plotted in Figures
12 and 13. In Figure 12 the Brinell and the Rockwell numbers are

6.S -doreouofStandards
C 'Itl.Cowdrey, 7rdnsAS5T,feix tsz$ I

S'RHBnjmf/ekfTransJSST.June/xe f.

- S=S.C.SpaMng,Trans.A5.SZ0cr.i9Z4
-jf-

40 60

ftbckwe// numbers

Figure 12.

—

Relationships between Brinell and Rockwell
numbers given by different investigators

plotted using uniform scales, so that a ready comparison of the Brinell

numbers computed from the Rockwell dumbers can be made. In

Figure 13 the Rockwell numbers are plotted: mRmn<> against di»

and 160#c against i_ » as was done in Figures 4 and 5. In this way
->JBn

the differences between the various equations are brought out more
clearly.
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It will be noted that Brumfield's equations are of the same type as

the equations given in this paper. The agreement between the two
groups of equations is fairly good, except for the upper range of the
Rockwell cone number.

XI. SUMMARY

The tensile strengths and the Brinell and Rockwell indentation
numbers were obtained for a variety of ferrous and nonferrous metals.
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Relationships between Brinell and Rockwell numbers obtained
by different investigators

Rockwell number vs. ,

—

and-p-

1. The experimental indentation numbers made it possible to obtain

j

semiempirical formulas for calculating Brinell numbers from Rockwell
numbers, or vice versa. When used over the range specified each of
Lthese formulas gives values in which the error to be expected is not
(greater than plus or minus 10 per cent.
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Using the following notation:

loo^sizie; Rockwell B number, ball % 6 inch diameter, load 100 kg.

100Rmi8', Rockwell B number, ball )i inch diameter, load 100 kg.

isoRc', Rockwell C number, brale, load 150 kg.

these equations are:

7 300
(a) Bn= i rtn

'—o for ioo#bizi6 greater than 40 and less than 100.
lOU— 100^51/16

3 710
(6) Bn= . or.

'—p— for woRmis greater than 30 and less than 100.
J-oU 100^51/8

, N D 1,520,000-4,500 l50Rc , r> + A in A i

(c) Bn=— jzr^. p v 2 lor 150RC greater than 10 and less
V 1UU — i5ofi>c)

than 40.

,- n 25,000- 10 (57 - 150RC)
2

f r> . + n A ~ , ,

(a) Bn=—-

inn —p lor 15Qltc greater than 40 and less
lUU — i5otic

than 70.

2. For steels the tensile strength may be calculated from the

Rockwell number, with expectation of an error less than plus or

minus 15 per cent, by using the empirical formulas:

/ x v m . ., nu r ^ 4,750,000-12,000 mRmI16 ,

(a) Tensile strength (lbs./m.
2
) = - '-j^. ^ *- for mRBni6loU— ioo-^Bl/16

greater than 82 and less than 100.

,M m n + ., ,i ,. 2 ^
105 (7,000- 10 X 150RC) ,

(b) Tensile strength (lbs./m. 2
)
= L nn p-v^ for i5oi?c greater

\1UU 150^C>)

than 10 and less than 40.

3. The six equations given above have been plotted. On each
graph additional curves are drawn, one above and one below the given
conversion curve, showing the maximum error to be expected in using
the curve. The recommended range of application of each conversion
curve is indicated on the graph.

4. No discernible relationship was found between the tensile

strengths of nonferrous metals and their indentation numbers.

Washington, December 29, 1929.


